
Research Article
Sulphur and Nitrogen Fertilization as a Potential Means of
Agronomic Biofortification to Improve the Content and
Uptake of Microelements in Spring Wheat Grain DM

Hanna Klikocka 1 and Marek Marks2

1Faculty of Agrobioengineering, Department of Economics and Management, University of Life Science in Lublin, Lublin, Poland
2Faculty of Environmental Management and Agriculture, Department of Agroecosystems,
University of Warmia and Mazury in Olsztyn, Olsztyn, Poland

Correspondence should be addressed to Hanna Klikocka; hanna.klikocka@up.lublin.pl

Received 16 March 2018; Revised 19 June 2018; Accepted 25 September 2018; Published 19 November 2018

Guest Editor: Ami Patel

Copyright © 2018 Hanna Klikocka and Marek Marks. ,is is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in anymedium, provided the original work is
properly cited.

,e aim of the field experiment was to analyze the impact of various nitrogen and sulphur doses on the content and uptake of
spring grains of iron, manganese, copper, and zinc. ,e study was conducted in southeastern Poland (2009–2011) on Cambisols
(WRB 2007), in conditions of low soil sulphur content. ,e experiment included 4 doses of N fertilization (0, 40, 80, and
120 kg/ha) and 2 doses of S application (0 and 50 kg/ha). ,e analysis showed that fertilization with nitrogen and sulphur had
a positive effect on the studied features of spring wheat. ,e combination resulted in beneficial content of Fe, Mn, Zn, and Cu (Fe
45.00, Mn 35.67, Zn 34.63, and Cu 3.65mg/kg) and beneficial uptake of microelements by grain DM (Fe 216.1, Mn 171.3, Zn 166.4,
and Cu 17.52 g/ha). ,e highest grain yield (5.43 t/ha) was obtained after the application of nitrogen at a dose of 80 kg/ha and
sulphur at a dose of 50 kg/ha. In relation to control, this increase of grain yield amounted to 13.3%. Significant correlations were
also found between grain yield and the content and uptake of all microelements, as well as between elements. No significant
correlation was found only between the content and uptake of Fe and the content of Mn and between the content of Mn and Cu.
Sulphur supplementation of NPK fertilization can be a good means of agronomic biofortification for spring wheat in order to
increase the content and uptake of micronutrients such as Fe, Mn, Zn, and Cu.

1. Introduction

At the present time, cereals became the basis of human
nutrition and possible source to maintain and improve
health. According to the food pyramid proposed by the
National Food and Nutrition Institute, low-processed
products of grain and seeds from cereal are at the base of
the pyramid and should be consumed as the most important
source of nutrients in the human diet. In Poland, cereal
products meet about 50% of the daily requirement for these
minerals, especially P, K, Mg, Fe, Zn, and Cu [1].

An important agricultural problem in many countries in
Europe and all over the world is the deficiency of sulphur in
arable soils due to a major tightening of environmental
regulations at the end of the twentieth century [2–5]. In Polish
soils in 2015, low content (I) of sulphate sulphur was found in

198 monitoring points (91.7% of all profiles), which was
a similar result to that observed in 2010. Medium natural
content (II) was shown for 10 profiles and high natural
content (III) for 6 profiles. ,e level of sulphate sulphur was
within the range referred to as anthropogenically elevated (IV)
only in two samples.,ere has also been a perceptible drop in
the mean sulphur content over the years, from 1.38 to 1.00mg
S-SO4/100 g, respectively, in 1995 and 2015 [6]. ,is phe-
nomenonmay cause a deficit for sensitive crops. In addition, it
may affect the disturbance in effectiveness of NPK applied in
the fertilizers, especially in nitrogen metabolism [4].

Nitrogen and sulphur are very important protein
components; thus, the correct N : S ratio results in improved
crop yields and quality. Many interactions occur between
sulphur and nitrogen in the plant at various levels, such as
uptake, assimilation of NO3 and SO4

2−, and formation of
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metabolites of N and S [4]. In the case of low content of
absorbed sulphur, “minimum law” may occur, which means
that high nitrogen fertilization will affect the low use of
sulphur by plants. As a consequence, the content of sulphur
and its compounds in plants is reduced. Both thesenutrients
are necessary in human and animal diets [4].

People need at least 22 mineral elements for their
wellbeing. Crop plants are an important source of food in the
human diet and are also used as animal feed in fresh or
processed forms. ,erefore, their nutritional values and the
proportion of nutrients they contain are very important for
human and animal health [7]. However, it has been esti-
mated that a considerable proportion of people worldwide
suffer from deficiencies of mineral components such as iron,
zinc, iodine, cooper, selenium, calcium, and magnesium.

Malnutrition in microelements is called “hidden hun-
ger.” ,is problem affects more than half of the human
population in the world. Especially women and children in
many developing countries suffer from a deficiency of
micronutrients. ,e deficiency of iron, vitamin A, zinc, and
iodine has been the main cause of diseases in the world since
the twentieth century [8–10].,emain reason for the hidden
hunger is the reduced intake of vegetables, fruits, meat, and
fish, which are rich in minerals [11]. ,e provision of
micronutrients to the diet affects the normal course of
metabolic functions in the human body [12].

Conventional methods of mineral elements supple-
mentation are related mainly to direct supplementation with
elements, varied diet, and enrichment of food [13]. A helpful
way of supplementing the shortage of elements in plants,
especially in the edible parts (grains and tubers) may be
biofortification [14–16]. Agronomic or genetic methods can
be used for this purpose [17].

1.1. Biofortifiaction. ,e idea of biofortification into micro
and macroelements is interesting in order to improve the
growing conditions of plants and improve the yield and
quality of arable crops. In addition to mineral fertilization,
conventional breeding, and transgenic plants, intercropping
between docots and gramineous species could be the key to
biofortification of some staple crops [18]. Table 1 presents
the methods used to increase the intake of microelements.

1.2. Strategies in Agriculture for Increase of Micronutrient
Concentrations in Plant Foods. In modern agriculture, it is
important to know the effects of fertilizers and fertilization
techniques. ,rough this knowledge, we can influence the
change in the content of macro- andmicroelements in plants
and improve plant quality [19]. Especially in countries where
cultivation of cereals is based on modern varieties and
proper fertilization can influence the increase of yield and
the contents of iron and zinc in them [20, 21]. For example,
experiments conducted in Turkey showed that the use of
zinc for wheat fertilization had an impact on the increase in
yield by 500% [21].

,e addition of micronutrients for fertilization may
improve the yield and quality of wheat grain, but appropriate
fertilization methods should be applied. For example, on

limestone soils, beneficial effects are obtained by zinc sup-
plementation in the early period of grain pouring [22]. ,e
content of several microelements can be increased at the same
time by using appropriate multicomponent fertilizers, for
example, fertilizers containing zinc, selenium, iodine, copper,
and nickel [23, 24]. ,e manganese content can be increased
at a later stage of cereal development by applying liquid
fertilizers as spray on the plants [25]. Many studies have
shown the possibility to increase the content of N, P, K, Na,
Ca, Mg, Zn, Mn, Cu, Fe, and Se in potato edible parts and
cereal grains by using sulphur fertilizers [26–28]. Supple-
mentation of NPK fertilizers with sulphur enforces sulphur
deficiency in soils [29, 30]. Of particular interest is the use of
elemental sulphur, which reduces losses when the threat of
sulphate sulphur leaching to the ground water occurs. Also,
through the slow decomposition of elemental sulphur, its
long-lasting effect is seen. In addition, the oxidation of ele-
mental sulphur decreases the soil pH, especially in alkaline
soils, and thus increases the availability of micronutrients to
plants [29, 31]. In addition, the use of organic fertilizers,
especially manure, increases the content of many microele-
ments in soils and then their availability to plants [19].

Crop rotation is the basic way to improve the yield and
quality of the succeeding plant. ,e leguminous plants show
a particularly favorable effect on the yield, quality, and weed
infestation of cereals. ,e improved nitrogen balance is also
important in this case [19]. One of the recommended mea-
sures is multiple cropping (polyculture), which increases
species diversity in fields as well as the stability of agrosystems.
,e general category of intercropping includes four sub-
categories: mixed intercropping, row intercropping, relay
intercropping, and strip intercropping [32]. ,e most com-
mon form of multiple cropping is mixed cropping of cereals,
and cereals with legumes. In this system, individual species
can exploit different resources or the same resources more
efficiently, which can increase total yield per unit area in
comparison with the cultivation of a single species [33–35].

Tillage systems is a very important factor in plant pro-
duction. ,e long-term use of minimum tillage or direct
sowing is especially known in the negative sense. ,ese soil
tillage methods tend to increase the soil density and poor
distribution of nitrogen, phosphorus, and micronutrients in
the soil profile. ,is, in consequence, affects the inadequate
uptake of ingredients and may cause a change in the yield
and quality of plants [19, 36–38].

In the past, plant breeding was used more to obtain
higher yields of arable crops, where no attention was paid to

Table 1:,e methods used to increase the intake of micronutrients
[18].

Method Description

Fortification Addition of micronutrients to food during
processing

Supplementation Consumption of micronutrient
supplements, e.g., in the form of tablets

Biofortification Increased content of micronutrients in
basic food products

Agronomic
biofortification ,e use of micronutrient fertilizers
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the quality of the crop [39, 40]. For example, the yield of
wheat grain has more than tripled in relation to the yield
achieved in the early twentieth century to the amount of
860 kg/ha [41, 42]. However, as it turns out, the higher
yielding cereals contain smaller amounts of elements in the
grain [43, 44]. In order to improve this condition, it is
proposed that the old varieties from the gene bank should be
crossed with modern high-yielding varieties [18, 45].

Genetic engineering aims to change the characteristics of
plants by adding foreign DNA to it or by modifying existing
DNA in plants [19]. Currently, there are many studies in the
world concerning the enrichment of plants with iron, zinc,
and provitamin A. An example of this is the international
HarvestPlus program implemented by many research in-
stitutes centered in CGIAR [46]. It aims to produce foods
rich in Fe, Zn, and vitamin A in poor countries where they
are deficient.

1.3. Micronutrient Status in Soils and Plants. Biofortification
can be defined as an increase of the mineral status of ag-
ricultural plants by applying soil fertilization or foliar fer-
tilization of plants and, as a consequence, improving their
quality [22].

As research shows, the content of micronutrients in plants
depends on their content in soil and on other factors that
affect their availability [47, 48]. ,e content of some
micronutrients, such as Zn, Mn, and Fe, in plants is closely
correlated to the content of these elements in the soil and with
the pH of the soil. As stated, the content of Zn and Mn in the
plant decreases with increasing pH. However, the content of
copper in plant tissues depends on the share in soils of copper
and organic carbon [11, 49]. Vicente et al. [50] noted that the
availability of copper and other micronutrients for plants
decreases when the soil pH is basic (pH above 7.0). At
conditions of alkaline reaction, copper is strongly adsorbed by
aluminum, iron oxides, and organic matter.

It is commonly claimed that the iron content in the soil is
more changed by various factors than the iron content in the
plant. For example, an increase in soil pH causes a decrease
in iron content in the soil and its availability to plants. It was
also shown that redox reactions affect the iron and man-
ganese content, which depend, among other things, on the
degree of soil moisture [47, 48].

Many studies indicate the existence of a positive corre-
lation between the content of micronutrients in the plant.
,ese correlations depend on various soil factors, for example,
pH of the soil.,is type of correlation occurs betweenMn and
Zn [47, 48]. Other factors that influence the correlation of
Mn-Zn in the plant are the texture and content of organic
carbon [47, 48]. Nube and Voortman [48] report the chemical
similarity among zinc, iron, and magnesium, where these
elements can compete for uptake by plants. Also, the high
content of phosphorus in the soil can have a significant effect
on reducing the availability of zinc for plants.

As shown by studies, plants with slow vegetation and low
yield contain more microelements in the dry matter than
plants with long vegetation and high yield [20, 21]. ,is
phenomenon is called concentration and dilution of elements.

It can be explained by the fact that when a plant produces high
yields, it is not able to take from the soil an appropriate
amount of chemical elements in accordance with the size of
the biomass produced. ,erefore, the elements taken in
a small amount are diluted into a large biomass.

Due to a shortage of available sulphur in many regions of
the world, it is necessary to use sulphur fertilization. It is of
huge importance for the increase in yield of crop plants and
improvement of their quality [29, 30, 51]. A very popular
form of sulphur in agricultural crops is elemental sulphur.
Its addition to the soil reduces the loss of sulphate sulphur by
leaching, and its long period of decomposition favorably
affects the entire crop rotation [3, 26, 27, 29]. Because el-
emental sulphur reduces the pH of the alkaline soil, it can
improve the availability of phosphorus and micronutrients
and reduce the occurrence of iron chlorosis [29, 51].

Research shows that zinc fertilization in the form of
ZnSO4 is a beneficial way of increasing grain yield and zinc
content [52]. In the situation of low iron content in the soil,
foliar fertilization with FeSO4 can be applied. In the case of
enrichment of plants with zinc, attention should be paid to
nitrogen, which plays an important role in zinc uptake,
especially during the grain pouring phase [21, 53–55].
Moreover, it was observed that after the use of appropriately
high doses of nitrogen in the presence of foliar fertilization
with micronutrients, both the share of zinc and the other
elements increased [54, 56, 57].

1.3.1. Cereal Grains: An Important Source of Microelements.
Grains of cereals such as rice, wheat, barley, maize, or
sorghum are the most important element of the human and
animal diet in the world [23, 58]. It is known that wheat is
a symbol of the Mediterranean diet [59]. ,e global use of
cereals in the world in the season 2016/17 constituted 2007
million tones, of which wheat alone amounted to 732million
tones [60]. ,e forecast predicts that, in the season
2017/2018, the general food demand for cereals will increase
by 1.3% and the consumption per capita will amount to
148 kg/year, including wheat which amounts to 66.7 kg/year.
As we know, cereals are the main source of micronutrients in
human nutrition [56, 61].

In many regions, especially where there are shortages of
micronutrients, wheat accounts for about 50% of the human
diet. It is also a good source of macro- and microelements
[59]. Based on the study by Lončarić et al. [62], it can be
concluded that some Croatian wheat genotypes are char-
acterized by a higher concentration of iron, zinc, and copper
in the grains. Table 2 includes, inter alia, the results of these
tests [63, 64].

1.4. Status of Sulphur. ,e regulations and laws regarding
the reduction of sulphur dioxide emissions in Europe caused
a shortage of available sulphur in the soil, which affected the
balance of nutrients needed for arable crops [65–67]. Sul-
phur is a very important nutrient for plants and is taken in
an amount similar to phosphorus. It is involved in many
metabolic processes in plants and protects them from abiotic
and biotic stresses (xenobiotics, pests, and diseases) [68, 69].
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Glutathione metabolism is especially important for plants
[70, 71]. Another example is the mechanism of producing
volatile sulphur compounds by Brassica in the case of
a pathogen attack or the production of phytochelatins, which
form complexes with heavy metals and detoxify them [65].

Cereals are generally not considered to be highly sen-
sitive to sulphur deficiency in the soil. ,ere are, however,
studies refuting this hypothesis. A study by Klikocka and
Cybulska [4] found that wheat responded significantly to
sulphur deficiency in the early stages of development. ,e
authors observed inhibition of the plant’s growth due to
a lack of sulphur and the presence of symptoms of mal-
nutrition, i.e., yellowing of young leaves. ,is demonstrated
that this element is essential for the functioning of wheat
despite the low nutritional requirement of cereals for sul-
phur, which amounts to 15–20 kg·S/ha [30]. Visual symp-
toms of S deficiency can be detected as macroscopic changes
in a single plant. Sulphur deficiency develops first on light
soils. From a bird’s eye view, these areas appear as irregularly
shaped plots with a lighter green colour (“washouts”). In-
dicators of sulphur status in a plant can be divided into
biological, chemical, and constituent parameters [65, 72].
Biological parameters are the amount of sulphate sulphur
and glutathione in the tissues. Chemical parameters describe
the S status of the plant as HI (hydroiodic acid) reducible S,
acid-soluble S, and total S.Composed parameters concern the
ratio of N : S and the fraction of sulphate sulphur in the total
S content.,e idea to use the N : S ratio is due to the fact that
nitrogen and sulphur are the main elements in the synthesis
of amino acids (Figure 1).

Appropriately chosen application rates for sulphur fer-
tilization are particularly important in the case of intensive
nitrogen fertilization. In this case, sulphur increases the
utilization of nitrogen [4]. In S-deficient soil, the application
rate should be 1/5 of nitrogen in the case of cereals, 2/5 for
rapeseed, and 1/3 for beet [73, 74].,e decision to use sulphur
fertilizers should be preceded by ascertainment of the current
content of sulphur in the soil. In the case of cereals, sulphur
fertilization is recommended at the beginning of the tilling
stage [74]. In a study where two nitrogen application rates (90
and 120 kg·N/ha) were used, with supply of 36 and 27 kg·S/ha
into the soil, grain yield increased by 0.7 and 0.4 t/ha in
comparison with the control without N [73]. Slow-acting
fertilizers containing sulphur (calcium sulphate, gypsum
sulphate, elemental sulphur, or natural fertilizers) are applied
no later than during postharvest cultivation following a pre-
vious crop. It is significant that the effect of fertilization

extends several seasons, and utilization of S amounts to about
35% [75].Moreover, sulphur can be applied to the plant leaves
(foliar application) using magnesium sulphates. Sulphur can
be applied at a doubled or tripled rate. It can be applied in
autumn in slow-acting and mixed fertilizers. ,e fertilizer
requirement of spring wheat for sulphur is reduced by about
25% due to lower yield [76].

As fo now, however, no further publication is available
about the impact of the N fertilization with additional S
supplementation on the status of micronutrients (Fe, Mn,
Zn, and Cu) in grains of spring wheat. ,e importance as
well as the role of sulphur and nitrogen applied as the
fertilization of spring wheat—grown on Cambisols (WRB
2007) with slightly acidic pH, classified as a good rye
complex—was the subject of the empirical research pre-
sented in this paper.

2. Materials and Methods

,e presented research comes from a three-year field ex-
periment, located in south-eastern Poland (50°42′ N, 23°15′
E). A two-factor experiment was performed in a randomized
split-plot design (in four replications). ,e soil in the ex-
periment was defined as Cambisols (WRB 2007) (sand 68%,
silt 31%, and clay 1%). On the basis of chemical analysis of
the soil, a high content of phosphorus, an average content
of K andMg, and low total and available sulphur were found.
,e soil reaction was slightly acidic (Table 3). Data on
meteorological conditions are described in Table 4. On the
basis of rainfall and air temperature during the vegetation
period (March-August), the Selyaninov’s hydrothermal
coefficient was calculated (Table 4). According to the cal-
culations, the 2009 growing season was defined as rather dry,
borderline to the optimal one (1.3), while the other two
vegetation seasons (2010, 2011) were determined as optimal
to rather wet (1.6).

,e subject of the presented research is a qualitative
variety, Tybalt, of spring wheat (Triticum aestivum L.)
(group A). Wheat was fertilized with various doses of ni-
trogen and sulphur, as shown in Table 5. 34% ammonium
nitrate was used as a nitrogen fertilizer. Sulphur was used in

Table 2: Contents of microelements in grains of wheat (Triticum
aestivum L.) (according to Teklić et al. [64]).

Fe (mg/kg) Mn (mg/kg) Zn (mg/kg) Cu (mg/kg)
51.4 ÷ 60.5 34.9 ÷ 49.8 10.1 ÷ 17.1 4.7 ÷ 9.0
40.1 42.8 19.2 6.84
32.6 ÷ 46.6 15.1 ÷ 27.6 26.5 ÷ 36.5 0.7 ÷ 4.1
33.3 23.3 36.2 4.5
19.3 ÷ 29.8 25.9 ÷ 45.2 21.7 ÷ 47.1 3.2 ÷ 4.9
34.0 ÷ 41.0 24.0 ÷ 28.0 35.0 3.5 ÷ 4.4
21.6 ÷ 33.8 19.7 ÷ 36.8 21.2 ÷ 34.8 5.2 ÷ 8.1

Nitrate assimilation Sulphate assimilation

Nitrate Sulphate
NT
NR
NiR

ST
ATPS
APR
SiR

Ammonia

Glu/Gln

Amino acids
SAT

OAS Cysteine
OASTL

Sulphide

Figure 1: Scheme of assimilation of nitrates and sulphates and
a combination of these processes by O-acetylserine (OAS) [72, 73].
NT, nitrate transporter; NR, nitrate reductase; NiR, nitrite re-
ductase; Glu/Gln, glutamic acid, glutamine; ST, sulphate trans-
porter; ATPS, ATP sulphurylase; APR, APS reductase; SiR, sulphite
reductase; OASTIL, O-acetylserine(thiol)lyase; SAT, serine ace-
tyltransferase; OAS, O-acetylserine.
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two forms, prior to wheat sowing as kieserite (MgSO4 ×

H2O: 5.1%Mg and 20.0% S) and as a foliar application on the
wheat during vegetation (BBCH 55–59) as Epsom salts
(magnesium sulphate heptahydrate −MgSO4 x 7H2O: 10.2%
Mg and 32% SO3). In the spring, prior to sowing the seeds,
fertilization with phosphorus (in the form of 17.4% gran-
ulated triple superphosphate at a dose of 39.6 kg·P/ha) and
potassium (in the form of 49.8% potassium salt at a dose of
83 kg·K/ha) was performed. ,e size of the experimental
plots was 30m2 (5m × 6m).

Sowing of spring wheat was carried out between the third
decade of March and the first decade of April, depending on
the year. Grains of wheat were sown with a density of 500
plants per m2. In Table 6, the chemicals used in the pro-
tection of spring wheat against pests are presented.

Grain yield (at 11% moisture content) was marked at
BBCH stage 89-92, after the harvest from each plot. ,e
analysis of the microelement of the samples was determined
by atomic absorption spectrometry (AAS) using a Varian
SpectrAA 280 FS spectrophotometer (Varian, Inc., Palo
Alto, USA) (PN-EN-14084:2004). For microelement anal-
ysis, Varian lamp, current 5mA, flame acetylene/air (sto-
chiometric ratio) was used. ,e following wavelengths were
used for the determination of iron (Fe), manganese (Mn),
zinc (Zn), and copper (Cu): 248.3 nm, slit 0.2 nm; 279.5 nm,
slit 0.2 nm; 213.9 nm, slit 1.0 nm; and 324.8 nm, slit 0.5 nm,
respectively.

To perform statistical analysis of the obtained results,
analysis of variance (ANOVA) was used with the Snedecor F
test. ,e significance of differences was calculated using the
Tukey test (p � 0.05). A comparison of the mean results with
post hoc analysis was then made. ,e calculations were
carried out using statistical program Statistica 10 (StatSoft
Poland) and Excel 7.0.

3. Results and Discussion

Analysis of the presented results proved a significant positive
impact of N application on the wheat grain yield and on
content and uptake of nutrients: Fe, Mn, Zn, and Cu in
spring wheat grain DM. Fertilization with S also had
a positive effect on the characteristics tested, except for Mn.
,e addition of S to nitrogen fertilization significantly de-
creased Mn content in the grain, and a trend of reduced Mn
uptake by grain DMwas observed. Statistical analysis did not
show any interaction between the experimental factors used,
i.e., the dose of nitrogen and sulphur. However, it could be
noted that the addition of sulphur to each nitrogen dose
increases the yield of wheat grain and the content and uptake
of the analyzed micronutrients, i.e., iron, manganese, zinc,
and copper. ,e obtained result shows the so-called sulphur
additive effect. Also, it was noticed that after adding sulphur
to each dose of nitrogen, the yield and the content of
micronutrients increases, although in the case of higher
nitrogen doses these are already smaller increments. ,is

Table 3: Chemical characteristics of the soil (before sowing).

Specification Method of analysis Unit of measure Year 1 (2009) 2 (2010) 3 (2011)
pH (0.01mol/L CaCl2) Potentiometry with a methrohm-605 pH-meter — 5.6 5.7 5.8
C-total Combustion by LECO EC-12® g/kg 9.2 8.9 7.7
N-total By Kjeldahl’s method 0.9 0.9 0.7

N min N-NO3 + N-NH4 × 1.38 (soil bulk density, mg/m3)
(PN-R-04038:1997) kg/ha 72.8 68.4 64.9

P-available
Double lactate extraction and measurement by
colorimetric assay by using the Egner Riehm DL

method (PN-R-04023:1996)

mg/kg

54.5 53.5 48.3

K-available Extraction: see above phosphorus and measurement
by the photometric method (PN-R-04022:1996) 88.6 85.2 79.6

Mg-available Extraction by 0.0125m/L CaCl2 and measurement by
AAS (PN-R-04020-1994) 34.8 33.7 35.1

S-total By ICP-AES mineralization with HNO3 + Mg(NO3)2 102.8 86.3 72.0

S-SO4-available
Extraction with 0.025m/L KCl and measurement by

ion chromatography 14.2 12.6 10.3

Table 4: Selyaninov’s hydrothermal coefficient, sum of pre-
cipitation (mm), and mean air temperature (°C) in growing seasons
(2009–2011), and the long-term averages from 1971 to 2005
(meteorological station in Zamość).

Years
Months (k) Sum – mean (III-

VIII)
III IV V VI VII VIII k∗ p t

2009 5.3 0.5 2.4 2.1 0.4 0.8 1.3 349.1 2652
2010 1.8 1.1 2.0 1.1 2.1 1.3 1.6 443.4 2715
2011 1.2 1.1 0.7 1.0 2.7 2.3 1.6 414.6 2581
1981–2005 5.1 1.8 1.5 1.6 1.7 1.0 1.6 367.7 2353
∗k, Selyaninov’s hydrothermal coefficient (k � (p × 10)t); p, precipitation
(mm); t, temperature (°C).

Table 5: ,e doses and phases of application of nitrogen (N) and
sulphur (S) fertilizers.

Fertilizer Dose
(kg/ha)

Time of fertilization
Spring, before

sowing
BBCH
30–31

BBCH
55–59

Nitrogen
(N)

0 — — —
40 40 — —
80 40 40 —
120 40 40 40

Sulphur
(S) 50 40 — 10
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phenomenon is widely described in the literature and is
known as the law of decreasing increments, or as the law of
Mitscherlich [77]. Generally, it can be concluded that the
additive effect of the elements proceeds when there is
a constant increase in the characteristics (yield and nutrient
content) as a result of supplementation of the second factor.

Based on the analysis of the available literature, we can
conclude that the rate of uptake of minerals (macro- and
micronutrients) depends on the crop species [78], variety
[79], habitat conditions [80, 81], and other agronomic
factors. ,e grain of wheat cultivated according to a me-
dium-intensive technology contains (in mg/kg) 22.0 Fe, 21.6
Zn, and 2.55 Cu [78]. Another study found the following
contents of these elements in wheat grain: 40.7–54.5mg/kg
Fe, 24.6–29.0mg/kg Mn, 19.1–25.6mg/kg Zn, and 1.81–2.20
mg/kg Cu [82].

3.1. Nitrogen. Based on the analysis of the research results
from the presented experience, it can be stated that the highest
grain yield of spring wheat was obtained after fertilization
with 80 kg/ha of N (5.40 t/ha). Grain yield increased by 13.1%
compared to the control. ,e use of nitrogen at a dose of
120 kg/ha N did not cause a significant increase in grain yield
in relation to the previous dose. ,e concentration of
micronutrients in the grain of spring wheat increased at the
same time as increasing dose of nitrogen and was the highest
after the use of 120 kg/haN (Fe 45.37,Mn 37.48, Zn 35.00, and
Cu 3.77mg/kg DM) (see Table 7 and Table S1 in the Sup-
plementary Material for comprehensive dataset analysis). ,e
uptake of Fe, Mn, Zn, and Cu by grain DM also significantly
increased at the same time as the increasing N application rate
and was the highest after fertilization with 120 kg/ha N (Fe
224.7, Mn 185.4, Zn 173.5, and Cu 18.69mg/ha) (see Table 6
and Table S1 in the Supplementary Material for compre-
hensive dataset analysis).

,e literature provides much attention to nitrogen
fertilization on grain yield, and quality and content of nu-
trients in wheat grain [83]. ,e analyzed literature describes
the results of a field experiment in which the effect of three
increasing doses of nitrogen on the content of micro-
nutrients in wheat grain was investigated. It was found that
the use of higher doses of nitrogen influences the increase in
concentration of Fe, Zn, and Cu in grains but has no effect
on the content of Mn [56]. Based on these observations, we
can say that proper nitrogen fertilization is conducive to an
increase in the concentration of nutrients in wheat grain,
which is the basis of human food [56].

Based on research by Kutman et al. [84], we found that the
use of high doses of nitrogen has a beneficial effect on the

consumption of iron and zinc through wheat grain. In the
studies of Xue et al. [54], the beneficial effects of nitrogen
fertilization on the content and uptake of zinc by wheat have
been demonstrated. ,is phenomenon was confirmed in
subsequent studies by Kutman et al. [55], on the basis of which
they write that a high dose of nitrogen favorably promotes the
increase of Zn content in the grain and further improves phase
of wheat tilling and grain development. As can be seen in the
literature, the applied forms of nitrogen fertilizer have dif-
ferent effects on the content of manganese in the plant.
,erefore, they can be arranged according to the tests in the
following order: (NH4)2SO4 > NH4NO3 > Ca(NO3)2 [82].

3.2. Sulphur. As shown in the presented studies, the addition
of sulphur improves the NPK effect, and wheat grains in-
creased by 3.6% (Table 7 and Table S1 in the Supplementary
Material for comprehensive dataset analysis). According to
Podleśna [73], the addition of 60 kg/ha of S caused an in-
crease in winter wheat grain yield by almost 11%.

Our research showed that the concentration of Fe, Zn,
and Cu in the wheat grain after sulphur application at a rate
of 50 kg/ha increased about 6.5%, 4.8%, and 5.3%, re-
spectively, in comparison with the control. However, the
content of Mn was reduced by 5.4%. ,e uptake of Fe, Zn,
and Cu by grain DM following application of 50 kg/ha S
increased by 10.2%, 7.2%, and 8.8%, respectively, in com-
parison with the control.

,e addition of S to NPK fertilization showed a tendency
to decrease the uptake of Mn by grain DM (see Table 7 and
Table S1 in the Supplementary Material for comprehensive
dataset analysis). As can be seen from the studies of other
authors, the iron-, zinc-, and copper-rich soil can success-
fully provide the amount of these elements appropriate for
cereals. However, these microelements must be available for
the plants [85]. Because sulphur reduces soil pH, it indirectly
influences the availability of many microelements, including
Zn, Fe, Mn, and Cu [86]. It has been observed that there may
be a lot of iron in the soil, however, this element in the
rhizosphere may be inaccessible to plants. ,erefore, the
addition of elemental sulphur to the soil may improve the
availability of iron by changing (lowering) the pH [87].

3.2.1. Interactions and Correlation between Nutrients. In the
presented studies, it was shown that the addition of sulphur to
all doses of nitrogen did not significantly affect the content
and uptake of the examined micronutrients, such as iron,
manganese, zinc, and copper. However, the trend of content
and uptake of nutrients was noticed, especially in

Table 6: Chemicals used in the protection of spring wheat against pests.

Pests ,e pesticide Active substance Dose BBCH stage

Weeds Granstar 75 WG Tribenuron-methyl 20 g/ha BBCH 28
Puma super 069 Fenoxaprop-P-ethyl 1 L/ha

Fungi Alert 375 SC Flusilazole + carbendazim 1 L/ha BBCH 30–32
Tilt CB 39.5 Propiconazole + carbendazim 1 L/ha BBCH 58–59

Insects Decis 2.5 Deltamethrin 0.25 L/ha
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combinations where nitrogen fertilization was applied at
doses of 80 and 120 kg/ha, together with 50 kg/ha of sulphur.
,ese results were arranged in accordance with the law of
diminishing returns (Mitescherlich’s law) [68]. Because the
addition of sulphur to higher doses of nitrogen caused
a smaller increase in the content and uptake of
micronutrients.

In the world of plants and the plant itself, there is
interaction (mutual positive or negative interaction) in the
extraction of minerals from the soil. ,e addition of
mineral fertilizers to the soil also affects the uptake of
various nutrients, especially when the soil solution has
excessive content of one component [88]. ,e interaction
of chemical elements can take place on the surface of the
roots or in the plant. Interactions can be divided into two
main groups. ,e first group includes interactions that take
place between ions. An example of this interaction is the
liming treatment of acidic soils, which consequently re-
duces the content of micronutrients in the soil. However,
the addition of lime to the soil does not change the content
of molybdenum, and, for example, copper is more related
to the organic substance than zinc and the increase in pH
(as a result of liming) restricts the zinc uptake by plants
more [89]. ,e second group of interactions is the re-
lationship between ions, which have chemical similarity in
their transport and their similar functions on the surface of
the root or in the tissues of plants. Such ions have similar
size, charge, and electronic configuration [90]. ,e in-
teraction of anion-cation and anion-anion are usually
competitive. However, often when using two minerals (for
example in the form of mineral fertilization), there is
a positive interaction (synergy), resulting in a higher yield
and higher content and uptake of these chemical elements
[91]. On the other hand, if the addition of two chemical
elements reduces the plant yield compared to the addition

of only one component, it is called negative (antagonistic)
interaction. Where the addition of chemical elements does
not cause changes, interaction does not occur.

In the presented experiment it was shown that the ad-
dition of sulphur to each applied dose of nitrogen caused
a trend of increasing yield of spring wheat grain, and the
content and micronutrient uptake. As was previously stated,
this type of nitrogen and sulphur interaction affected the
additive interaction of sulphur [91]. It is commonly known
that the assimilation of nitrogen and sulphur in plants is
closely related to each other (Figure 1) [89]. ,erefore, joint
fertilization with nitrogen and sulphur significantly in-
fluences the uptake and metabolism of these elements in the
plant.,e ratio of nitrogen to sulphur in proteins is regarded
as a reliable indicator of sulphur supply in plants. According
to Oenema and Postma [92], its proper value amounts to 15 :
1. In a study by Klikocka and Cybulska [4], the average N : S
ratio in spring wheat was greater by about 21 :1. Nitrogen
fertilization increased the N : S ratio, while sulphur fertil-
ization did not affect it. In the studies of Randall et al. [93], it
was shown that as a result of using different doses of nitrogen
and sulphur, the ratio of N : S in wheat grain protein ranged
from 12 to 25.

Significant positive correlations were observed between
the grain yield, and the concentration and uptake of all
microelements in wheat grain DM. ,e correlation co-
efficients between grain yield and the content of micro-
nutrients decreased in the order Cu > Fe > Zn > Mn.
However, in the case of the correlation between grain yield
and uptake of microelements by grain DM, the strength of
the relationship was in the order Cu > Fe >Mn > Zn. Many
authors report that more microelements in the dry matter
accumulate in plants that have a long growing season and
produce a low yield. On the contrary, when plants have
a short growing season and high yields, small amounts of

Table 7: ,e influence of nitrogen N and sulphur S fertilization on content (mg/kg) and uptake (g/ha) of microelements by spring
wheat grain.

Fertilization
Grain yield (t/ha)

Fe Mn Zn Cu
S N Content Uptake Content Uptake Content Uptake Content Uptake

0S (N ×SS)

0 4.03 a 38.53 a 137.4 a 35.00 a 152.2 a 31.03 a 114.4 a 3.15 a 11.24 a
40 5.15 a 40.70 a 149.3 a 36.27 a 133.3 a 32.10 a 118.4 a 3.33 a 12.23 a
80 5.36 a 41.87 a 189.9 a 38.23 a 181.8 a 33.53 a 160.1 a 3.46 a 16.45 a
120 5.47 a 43.80 a 211.8 a 38.87 a 188.1 a 34.13 a 165.2 a 3.70 a 17.89 a

50S (N ×0S)

0 4.13 a 41.03 a 149.7 a 33.33 a 121.8 a 32.87 a 115.9 a 3.34 a 12.17 a
40 4.38 a 42.70 a 165.4 a 35.30 a 137.1 a 33.77 a 131.3 a 3.52 a 13.67 a
80 5.43 a 45.00 a 216.1 a 35.67 a 171.3 a 34.63 a 166.4 a 3.65 a 17.52 a
120 4.72 a 46.93 a 237.6 a 36.10 a 182.8 a 35.87 a 181.7 a 3.85 a 19. 50 a

Mean (S) 0S 4.75 B 41.23 B 174.4 B 37.09 A 157.1 A 32.70 B 138.8 B 3.41 B 14.45 B
50S 4.92 A 43.92 A 192.2 A 35.10 B 153.2 A 34.28 A 148.8 A 3.59 A 15.72 A

Mean (N)

0N 4.08 B 39.78 D 143.6 D 34.17 C 123.5 D 31.95 D 113.6 D 3.24 D 11.71 D
40N 4.27 AB 41.70 C 157.4 C 35.78 B 135.2 C 32.93 C 124.9 C 3.43 C 12.95 C
80N 5.40 A 43.43 B 207.5 B 36.95 A 176.6 B 34.08 B 3.55 B 3.55 B 16.99 B
120N 5.59 A 45.37 A 224.7 A 37.48 A 185.4 A 35.00 A 3.77 A 3.77 A 18.69 A

Mean (Y)
2009 4.74 B 45.11 A 191.1 A 34.46 C 145.5 B 32.93 B 139.3 B 3.62 A 15.34 B
2010 4.68 B 40.74 B 169.7 B 35.84 B 148.6 B 30.20 C 125.6 C 3.34 B 13.88 C
2011 5.09 A 41.86 B 189.1 A 37.99 A 171.5 A 37.35 A 166.6 A 3.54 A 16.03 A

Different letters in the same column indicate significant differences between results at P≤ 0.05.
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micronutrients are accumulate in the dry matter, regardless
of their content in the soil [20, 21].,is is the concentration-
dilution phenomenon, which was not, however, confirmed
in the presented study.

On the basis of observations with the use of increasing
doses of sulphur, Inal et al. [94] found that there is a positive
correlation between the sulphur dose and the content of this
element in the plant. However, the addition of sulphur to
NPK fertilization does not affect the increase of sulphate
sulphur in the soil.

In the presented experiment, a positive correlation be-
tween the tested micronutrients was found. ,ere was only
a significant correlation between the content and uptake of
Fe and theMn and additionally between the Mn content and
the Cu content (Table 8). Based on the studied literature, it
can be concluded that metallic elements can compete with
iron and, as a consequence, limit iron uptake by the plant. It
has been known for a long time that iron and manganese
compete in the process of ion uptake by the plant [95]. Mn2+

ion is characterized by similar properties as alkaline cations
(Ca2+ and Mg2+) and heavy metals (Fe2+ and Zn2+),
therefore these ions compete with manganese for uptake and
transport in the plant [96]. Negative correlation between
iron and copper content in durum wheat was also observed,
which may indicate mutual antagonism of elements and can
be a reason of iron deficiency in the plant [97].

It is well known that a shortage of one element may
increase the uptake of one or more of other chemical ele-
ments [98]. It has been shown that in the conditions of
a nutrients shortage in the soil, there is a competition for
their uptake, especially betweenMn2+ and Cu2+ or Zn2+ [99]
and between Fe2+ and Zn2+ or Cu2+ [100].

3.3. Weather Conditions. In the present study, the grain
yield as well as content and uptake of microelements were
modified by the weather. ,e sum and distribution of
precipitation are known to play a major role in determining
of yield. ,e yield was dependent on the number of days
with precipitation from March to July. Grain yield was
about 0.7 t/ha greater with 80 days of precipitation than in
the case with 58 days of precipitation [101]. Dry periods in
April are conducive to spring wheat yield, but they reduce
its yield in May and June [102]. Spring wheat shows the
greatest need for precipitation in June. ,e optimum
precipitation during this period is about 100mm, this

factor has been shown to increase yield by 0.98 t/ha in
conditions of good wheat in complex soil, and by 0.41 t/ha
in very good rye complex [103]. ,e critical period of
demand for water in cereals occurs from the stem elon-
gation stage (BBCH 31) to the watery-ripe stage (BBCH 71)
[91]. A shortage of water during this period reduces the
number of grains per unit area, which usually means
a decrease in yield, whereas 1,000 grain weight is formed
following seed-setting and depends mainly on the avail-
ability of moisture (in addition to nitrogen and potassium)
and on temperature (and sulphur supply) [77]. High
temperatures cause intensive hydrolysis of leaf proteins,
thus degrading chlorophyll, which contains nitrogen. As
a consequence, the leaves accumulate less carbon dioxide,
photosynthesis is reduced, and the grain-filling period is
shortened, leading to lower 1,000 grain weight. ,is period
is critical for sulphur as well [77].

,e content and uptake of micronutrients by grain DM,
except Fe content, were most favorable in the meteorological
conditions in 2011 (rather wet). In the 2009 season (rather
dry), the meteorological conditions also had an important
effect on beneficial Cu content, and on Fe concentration and
uptake by grain DM. In general, the content and uptake of
microelements were the smallest in 2010 (rather wet) (Ta-
ble 7). ,is may be due to the fact that there was very little
precipitation during the grain formation and ripening stages
(June and late July and August). As confirmed by Woźniak
and Stępniewska [81], the described relationships showed
the lowest content of cooper in the grain harvested in the
year with a lower rainfall and higher air temperature, as in
the present study. However, the concentration of Fe, Mn,
and Zn in the wheat grain in the abovementioned study was
not significantly affected by weather conditions, in contrast
to the present results.

4. Conclusions and Recommendation

Based on the presented research and the literature, it can be
said that sulphur fertilization should be applied on arable
soils in the analyzed region. ,e experiment showed that
presowing application of sulphur in the amount of 40 kg/ha
in the form of granular kieserite and top dressing with
magnesium sulphate hepatahydrate (10 kg S/ha) in combi-
nation with nitrogen fertilizer (ammonium nitrate) in the
rate of 80 kg/ha is sufficient to achieve optimal grain yield

Table 8: Correlation coefficients between grain yield and content and uptake of micronutrients.

Test feature (n � 24) No. (2) (3) (4) (5) (6) (7) (8) (9)
Yield of grain (1) 0.604 0.954 0.531 0.949 0.583 0.923 0.720 0.967
Fe content (2) — 0.812 −0.095 0.424 0.431 0.591 0.911 0.753
Fe uptake (3) — — 0.340 0.844 0.577 0.893 0.863 0.987
Mn content (4) — — — 0.769 0.530 0.602 0.225 0.455
Mn uptake (5) — — — — 0.639 0.923 0.632 0.899
Zn content (6) — — — — — 0.842 0.643 0.643
Zn uptake (7) — — — — — — 0.773 0.936
Cu content (8) — — — — — — — 0.870
Cu uptake (9) — — — — — — — —
Bold letters represent significant differences (P � 0.05 � 0.406 and P � 0.01 � 0.517).
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(5.43 t/ha); beneficial concentration of Fe, Mn, Zn, and Cu
(Fe 45.00, Mn 35.67, Zn 34.63, and Cu 3.65mg/kg); and
beneficial uptake of microelements by grain DM (Fe 216.1,
Mn 171.3, Zn 166.4, and Cu 15.52 g/ha).

As you know, modern agriculture in Europe and in
Poland is conducted on the basis of an integrated system.
,erefore, the dose of used mineral fertilization should be
below their uptake. ,erefore, when analyzing the results of
this experiment, it is recommended to fertilize spring wheat
using nitrogen in a dose of 80 kgN/ha with the addition of
sulphur in the amount of 50 kg/ha. As it was shown in
previous studies, this combination of fertilization in the dry
mass of spring wheat (grain + straw) was 153.6 kgN/ha and
sulphur 12.36 kg/ha) [4]. ,e proposed nitrogen fertilization
rate and the high content of Nmin availability in the soil
(64.9 kg/ha) [4] will meet the demand of spring wheat for
nitrogen. However, due to the low content of sulphur di-
oxide (SO2) in the air and sulphate sulphur (S-SO4) in the
soil, greater amounts of sulphur fertilizer must be applied.
,erefore, the proposed dose of nitrogen and sulphur seems
to be optimal in the soil-plant relationship.

Supplementation of NPK fertilization with sulphur, as
demonstrated by our experiment, effectively improves the
chemical composition of springwheat grain.Hence the addition
of sulphur to fertilization of spring wheat can be recommended
as a means of agronomic biofortification with microelements
(Fe, Mn, Zn, and Cu) in areas with low soil sulphur content as
well as in conditions of high soil pH. Previous research
[4, 26, 104] has shown that the use of sulphur in elemental and
sulphate forms promotes higher yield, improves the chemical
composition of crops (increases macro- and micronutrient
content in triticale and wheat grain and in potato tubes), and
increases resistance to fungal and bacterial diseases.
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